Civil Engineering Research in Ireland 2020

Loading on Long Span Bridges in Heavily Trafficked Areas
Michael Quilligan12, Eugene J. OBrien2
School of Engineering, University of Limerick, Limerick, Ireland
2
School of Civil Engineering, University College Dublin, Ireland
email: michael.quilligan@ul.ie, eugene.obrien@ucd.ie

1

ABSTRACT: The critical traffic loading condition for long-span bridges is congestion when vehicles may be closely spaced
together. Data on very high traffic flows is limited however, as induction loops which are typically used to collect traffic data, are
ineffective when traffic flow breaks down. A number of long span bridges are located in areas of high traffic with periods of
recurring congestion occurring daily. While the inter-vehicle gap distances are greater than those occurring during non-recurring
full stop accident type events, the high frequency of the recurring congestion events can increase the probability of a critical load
case occurring. A location on the N7/M7 national primary route in Ireland is identified where regular congestion occurred due to
a lane drop. Traffic monitoring using an Unmanned Aerial Vehicle (UAV) is carried out, generating a significant amount of high
quality footage of congested traffic from a bird’s eye view. A method of processing the data is developed to transform the trajectory
data into a traffic stream that can be used to simulate load effects on long span structures. The process is applied to 2 notional long
span structures. Insights into the load patterns that give rise to critical loading events are identified for both structures.
KEY WORDS: Unmanned Aerial Vehicle; UAV; Traffic; Congestion; Bridge; Loading; Long-span.
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INTRODUCTION

Unlike short to medium span bridges where individual heavy
concentrations in free flowing traffic produce the maximum
load effect, the critical loading events for long span structures
are caused by congested traffic [1-4]. During congestion
events, the gaps between vehicles reduce and the cumulative
effect of closely spaced vehicles produces the critical load
events. The accurate evaluation of traffic loading patterns on
long span bridges is however problematic. Traffic data,
traditionally collected with inductive loop detectors, does not
provide accurate information about congested traffic as the
loops are generally ineffective in stop-and-go conditions [5].
Existing load models account for the variability of truck
weights using Weigh-in-Motion (WIM) data; however data on
the car/truck mix and inter-vehicle gaps during congested
conditions is limited [4, 6-8]. Excessive conservatism in such
assumptions can lead to expensive and unnecessary
interventions in existing bridges.
Recent studies have used micro-simulation as a means to
better represent traffic modelling on long-span bridges.
Cellular automation, where the bridge is divided into cells and
lane changing is considered but not the variability of vehicle
lengths and gaps [9]. Other approaches combined car following
and lane changing models [8, 10-14], and have shown that the
critical condition for long span loading is not always the
widely-used full-stop condition, but can be slow moving traffic
[8, 15]. This occurs because full-stop queues consider only one
realisation of vehicles on the bridge, which reduces the
probability of having an extreme loading scenario. A drawback
of micro-simulation models however is that there is limited data
available to calibrate the vehicle behaviour models [16, 17].
Image processing and computer vision approaches are being
used increasingly for traffic data surveys [18-20]. The methods
are suitable for detecting and classifying vehicles in different
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traffic conditions, allowing the evaluation of traffic densities
and vehicle velocities [21, 22].
Previous bridge loading studies have made use of video data
of traffic, albeit in limited quantities [4, 23]. Data on the lane
changing behaviour of cars and Heavy Goods Vehicles (HGV),
both in free-flowing and congested traffic, was analysed using
video data recorded at several sites in the United Kingdom [24].
More extensive recent studies have used 5 months of video
images, collected from a fixed camera attached to the tower of
a suspension bridge, to determine maximum load effects using
statistical correlations between vehicle lengths and their
weights [25, 26]. Data on heavily congested events was limited
however.
The range of applications for Unmanned Aerial Vehicles
(UAVs) has increased significantly in recent years [27]. UAVs
offer a number of significant advantages for traffic monitoring
applications in that: they are portable and easily transferable to
areas of interest; they can collect data from an extended road
section from a bird’s eye view without affecting drivers’
behaviour; and they are cost effective when compared to fixed
or manned solutions [28-31]. Recent studies have shown that
low cost UAV can provide reliable traffic data parameters with
appropriate stabilising and geo-referencing of the video data
[30, 32].
This study investigates the novel use of a UAV to monitor
congested traffic conditions and develop insights into critical
loading patterns on long span bridges. Video footage is
collected at a location on a national primary route in Ireland
with regular recurring congestion caused by a lane drop. The
video data is analysed using an automated image processing
algorithm and transformed to real world coordinates using a
geo-referencing process. A method of processing the data is
developed to transform the trajectory data into a traffic stream
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that can be used to simulate load effects on long span structures.
The process is applied to two notional long span structures.
2

TRAFFIC MONITORING
Site Description

The N7/M7 is a national primary route connecting Dublin and
the south of Ireland, serving the cities of Limerick (M7), Cork
(M8) and Waterford (M9). It forms part of the E20 European
route. The N7 commences at Junction 9 of the M50 to the
southwest of Dublin. It is a three lane carriageway in each
direction for 20 km until Junction 9 Naas North, with an Annual
Average Daily Traffic (AADT) flow of approximately 105,000
vehicles. From Junction 9 onwards the route becomes full
motorway standard. Prior to 2019 the number of lanes reduced
to 2 at this location, causing a significant recurring congestion
to occur during evening rush hour periods.
A contour plot of the mean traffic velocities on the N7/M7
for vehicles travelling towards the southwest (away from
Dublin) on a sample evening is illustrated in Figure 1. The plot
is constructed using data from 7 traffic counter sites operated
by Transport Infrastructure Ireland, with linear interpolation of
velocities in between. While some congestion is evident at the
start of the route as vehicles join from the M50, it is clear that
the lane drop at Junction 9 results in significant congestion
from approximately 16.30-18.00 (Figure 2).
Traffic Counter
Locations

Figure 2. View of lane drop from UAV: Lane 1 (R445) exits
to Naas (centre background), Lanes 2&3 (N7/M7) continue to
southwest
Construction work to widen the M7 from Junction 9 to
Junction 11 to 3 lanes started in January 2018, with the extra
lane coming into operation in August 2019. Traffic monitoring
at the Johnstown site for this project took place between August
and October 2018. Carriage realignment to facilitate the
downstream widening works provided lane widths of
approximately 3.25, 3.50 and 3.25m at the UAV site location.
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Figure 3. Aerial view of UAV flight position between
Junctions 8 and 9, Johnstown, Naas, Ireland [34]

Figure 1. Space-time-velocity contour plot for N7/M7
(15.05.2017)
A survey of the area around Junction 9 was undertaken to
identify potential sites to operate a UAV and monitor the
recurring congestion. An area of agricultural ground was
identified adjacent to the lane drop location, close to the village
of Johnstown on the outskirts of Naas (Figure 3). The site
allowed for the flying of the UAV within the operational limits
of the Irish Aviation Authority (IAA) without requiring specific
operating permission [33]. Notwithstanding this, a detailed
operations manual was prepared with risk assessments and
operating procedures developed to ensure safe operation at all
times. The landowner and leaseholder were also notified.

Data Collection
Traffic footage was collected using a DJI Phantom 4 Advanced
quadrotor which has a 20-megapixel camera (Figure 4). Videos
were recorded in 4K (4096×2160) resolution at 25 frames-persecond. Allowing for take-off, landing and a safe reserve of
battery power, an average of 20 minutes traffic footage was
collected for each flight. The turnaround time to fly back to the
landing site, change battery and return to the hovering location
was approximately 5 minutes. A maximum recording time of
100 minutes was possible using 4 batteries, one of which could
also be re-charged on site using a car charger. The car charging
time for a single battery was 70 minutes. Video footage was

Page 2 of 6

95

Civil Engineering Research in Ireland 2020

collected on micro SD memory cards, which were changed
between flights to allow regular download and backup of the
data. A limitation of the UAV equipment is that data collection
is restricted to periods of no rain and wind speeds less than 35
km/h.

Figure 4. DJI Phantom 4 Advanced used for the traffic
monitoring

A deep learning convolution neural network algorithm is
used by DFS to detect the objects of interest (vehicles). To
improve performance and robustness, potential vehicles are
pre-filtered by the expected area of road surface and the results
of a moving object detection algorithm. Vehicles are then
matched and tracked through the video sequence. Using vehicle
kinematic models, the vehicle trajectories are filtered to reduce
localisation noise to ensure that small tracking errors will not
result in sudden changes in positioning [35].
For the geo-referencing process, a minimum of four points of
known position are identified by the operator and then used to
estimate a transformation to map the data from an image space
to a coordinate space, assuming that the road surface is planar.
A distortion correction is also applied to the video sequence
[36].
The DFS platform has been used in a number of recent
studies and has been shown to provide accurate data,
particularly when the geo-referencing process in undertaken
correctly [28, 32].
The following tasks were undertaken to process the N7 data
using DFS:


The coordinates of the hovering location were preprogrammed to ensure consistent positioning for each flight.
The UAV was hovered at a height of 120 m and a distance of
30 m from the edge of the carriageway (Figure 5). This
maximised the length of road captured, while remaining within
the operational limits specifying by the IAA [33]. At this height
the road length captured was approximately 165 m, with a
ground sampling distance of approximately 4.3 cm. The camera
was pointed directly downwards during filming to maximise
the accuracy when locating ground targets [35].






Join videos to create single video file per flight. (The
UAV software automatically segments videos to limit
file sizes to less than 4 GB. A single flight averaged 16
GB);
Upload video to the DFS website and submit for
analysis;
Download processed tracking file and view using DFS
Viewer software;
Geo-reference tracking file using DFS Viewer;
Export raw telemetry data for further analysis.

A typical view of the geo-referenced data in the DFS Viewer
is illustrated in Figure 6. The software offers a number of post
processing functions; however only the raw vehicle trajectory
data was used in this work.

Figure 5. View from UAV at 120 m hovering height
Figure 6. DFS Viewer interface with vehicle identification,
velocities and accelerations displayed

Data was collected on 20 different days. A total of 71 flights
were flown, resulting in 862 GB of video data and 22 hours of
congested traffic footage.
3

4

IMAGE PROCESSING

The video footage was analysed using DataFromSky (DFS), a
cloud-based platform that specialises in automated traffic
analysis. The system processes traffic data in two stages: 1)
detection, localisation and tracking of objects of interest; 2)
mapping between the video frames and a real-world coordinate
system, a process termed ‘georegistration’.
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DATA PROCESSING
Trajectory Data

The vehicle trajectory data for Lane 2 (slow) of a sample flight
is illustrated in Figure 7. This space-time plot is feature rich,
detailing the location data of all vehicles in the captured road
length during the 20 minute flight. Each (blue) line represents
the trajectory of a vehicle, with vehicles travelling from lower
left to upper right. A horizontal trajectory indicates a vehicle at
rest, with no change in space (Y-axis) for increasing time (X-
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used for this study. These values allow an Equivalent
Uniformly Distributed Load (EUDL) to be determined for each
frame. Figure 8d illustrates the resultant EUDL-time plots for
each lane.
160

a)

Density (veh/km)

axis). The slope of the trajectory increases with increasing
vehicle velocity.
A vertical line through the data details the position of each
vehicle at that point in time. The solid (red) line shown at
approximately 5 minutes illustrates a period of high density
with 17 vehicles at rest, equivalent to 103 veh/km.
A horizontal line through the data details the time that each
vehicle passes a point in space. The dashed (red) line shown at
80 m illustrates the three primary stop-go-waves that occurred
at approximately 5, 12 and 18 minutes.
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Figure 7. Vehicle space-time trajectories for Lane 2 of sample
video (23.10.2018-V1)
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The next stage in the data processing is to account for the
weight of vehicles in the traffic stream. Inferring vehicle weight
from their length has been shown to be suitable for long span
bridge load effects [26]. While a WIM site is located 5.4 km
upstream of the test location on the N7, constant weights of 20
kN for cars and 300 kN for Heavy Goods Vehicles (HGVs) are
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where
is the space transform for frame i,
is the mean
velocity for all vehicles in frame i (m/s) and is the sampling
period (s). The mean velocity can be calculated directly from
the DFS data. Figure 8b illustrates the density-time and mean
velocity-time plots for the sample video. It is clear that mean
velocity is inversely proportional to density.
The transformed data is plotted in Figure 8c. The effect of the
transform is to scale the X-axis, i.e. the axis is stretched when
the mean velocity is high (flowing traffic) and squashed when
the mean velocity is low (congested traffic). The resultant data
is equivalent to a traffic stream approximately 8.5 km in length.
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The density of the captured roadway length is determined from
the trajectory data at a frame rate of 1 second and scaled to 1
km. The resultant density-time plots are illustrated in Figure 8a
for Lane 2 (slow) and Lane 3 (fast) of the N7. The features of
the stop-go-waves evident in the trajectory data are clearly
present. It is notable that the traffic patterns are not identical in
both lanes, with a greater frequency of congested traffic in Lane
3.
To facilitate the determination of bridge load effects it is
important to transform the data, recorded in a time reference, to
a space reference. The proposed transform is given in Equation
1:
(1)
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Figure 8. a) Density vs time; b) Density & velocity vs time; c)
Density vs space; d) Equivalent Uniformly Distributed Load
(EUDL) vs space for sample video (23-10-2018-V1)
It is evident from the comparison of Figure 8c and d that high
density does not directly correlate to high loading. While Lane
3 has a higher frequency of high-density events, the EUDL is
generally lower due to the small percentage of HGVs present
in this lane. In Lane 2 a number of high individual EUDL peaks
are present from 0-5 km, with a series of closely spaced peaks
present from 6.5-8 km.
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It is to be noted that the general magnitude of the EUDLs are
low, due in the main to the low percentage of HGVs present –
approximately 8% for this traffic video.
One reason that areas of high EUDL do not correlate to high
density relates to the method of density calculation. Figure 9
illustrates a screenshot taken from the traffic stream at the
equivalent road length of 0.5 km (Figure 8d). The Lane 2
density is a low-moderate 48 veh/km based on 8 vehicles in the
165 m length. However the spatial density, a measure of the
percentage of road length occupied, is a moderate-high 60%
due to the number of HGVs present.

A location on the N7/M7 national primary route in Ireland
was identified where regular recurring congestion occurred due
to a lane drop. Traffic monitoring using a UAV was
successfully carried out, generating a significant amount of
high quality footage of congested traffic from a bird’s eye view.
A method of processing the data was developed to transform
the trajectory data into a traffic stream that could be used to
simulate load effects on long span structures. The process was
applied to 2 notional long span structures. Insights into the load
patterns that give rise to critical loading events were identified
for both structures.
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Figure 9. Screenshot from traffic stream
The adoption of a spatial density measure is therefore
preferable as it can provide greater insights into critical traffic
patterns. However, this is not currently possible with DFS as
vehicle lengths are not outputted.
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